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ABSTRACT 
This document is the result of a:i investigation designed to determine the 
relative accuracy and precision of the different types of geodetic obser- 
vation systems used by NASA. A collocation technique was used to mini- 
mize the effects of uncertainties in the relative station locations and in 
the earth's gravity field model by installing accurate reference tracking 
systems close to the systems to be compared and precisely determining 
their relative survey. The Goddard laser and camera systems were 
shipped to selected sites, where they tracked the GEOS satellite simul- 
taneously with other systems for an intercomparison observation. 
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GE OS OBSERVATION SYST EhlS INTERCOMPARISON 
T YV E ST IGAT ION RESULTS 
1. 1KTHODUCTION 
One of the K G S P  objectives was to intercompare the observations from the 
different types of geodetic observation systems used by NASA (MINITRACK, MOTS, 
GRAE: R, C-band radar,  laser), Smithsonian Astrophysical Observatory (Baker-Nunn, 
laser ) ,  A i r  Force (PC-lOOO), Army (SECOR), Navy (TRANET), and Coast and Geodetic 
Survey (BC-4) to aid decisions on how to  pro~:~, ly  weight and combine the data from the 
different systems for the World Datum and Earth Gravity Field Model and to indicate 
which systems would be most useful for future geodetic research and applications. An 
investigation was designed to determine the relative accuracy and precision of these 
systems to  better than 10 meters. This paper summarizes the results of this invssti- 
gation. 
2 .  METHODS YSED 
If reference orbits accurate to better than 10 meters were available, then 
these orbits could be used to determine the e r r o r s  in the systems. However, because 
of survey and gravity field e r r o r s ,  the e r r o r s  in the most accurate orbits at the timc 
this investigation was initiated were estimated at 100 to 1000 meters. 
Therefore, a collocation technique was used to minimize the effects of 
uncertainties in the relative station locations and in the earth's gravity field model by 
installing accurate reference tracking systems close to the systems to be compared 
and precisely determining their relative survey. This approach also allowed local 
synchronization of the system clocks. The laser and camera systems available at 
Goddard, which were thought to be accurate to 1 to 2 meters and 1 to 2 arc seconds, 
respectively. were chosen as the reference systems for the investigation. These 
systems are described elsewhere. 
The Goddard laser and camera systems were shipped to selected sites, 
where h e y  tracked the CEOS satellite simultaneously with the other systems. A ref- 
erence orbit was determined by a least-squares fit of the reference data (R) on each 
pass 2nd used to compute reference quantities (C) for the systems to be compared. 
The actual observations (0) from the systems being compared (called comparison 
systems) were first preprocessed to remove the known e r r o r s  and to achieve compat- 
ibility with the reference quantities (C), thcndifferenced with the reference quantities 
1 
to form the residuals (0 -C) .  Measurement biases (B) snd tiniing biases (-I), both 
rclative tu the reference systems, were then derived from the residuals ( 0 - C )  b y  
means of the relationship 
(O-C)l = B - ‘r C.  I Ei 
1 
0 
where Ci  is the time rate of change of the quantity Ci ‘and Ei is the noise conponent 
in  the observations. 
This procedure has the following characteristics: 
1 .  The orbit program corrects for the parallm e r r o r s  due to the dif- 
ferent locations of the systems. 
3. Errors  in the reference trajectory due to e r r o r s  in  the gravity field 
model a re  held to within il meter during the 15-min o r  less duration 
of a single pass (reference 1). These e r ro r s  a r e  not inherent in the 
observations ( R ) ,  but a r e  inherent in the quantities (C)  computed for 
the comparison svstems, owing to imperfect fitting of the olserva- 
tions \R)  hy the computed orbit due to wkncwns in the gravity field 
model. 
3 .  By local synchronization of the clocks of the reference ana conipari- 
son systems, timing e r ro r s  due to clock differences a re  held to * O .  1 
msec o r  l ess .  This is equivalent to *0.5 meter o r  less  in  range 
measurement for the maximum range rates. The prograni corrects 
for known time differences between the observations ( R )  and the coni- 
parison system observations (0)  when the quantities (C) for the com- 
parison systems are  generated. 
4.  Except for the small e r ro r s  cited above, the reference orbits produce 
reference quantities ( C )  and residuals (0-C) for nearly collocated 
systems, which a r e  as accurate as the data (R)  to which these orbits 
are fitted. Thus the reference or1 its produce quantities (C) which 
a re  accurate to the 1 to 2 mete, accuracy of the data (I? within the 
laser dats span. ‘ P i s  level c i  derived range accuracy produces a 
derived range rate accuracy of 0 . 5  to 2 . 0  cm/ sec. Likewise, the 
reference orbits produce angles (C) tor nearby systems, which a l e  
accurate to the 1 tc 2 seconds accuracy of the camerz systems (R) 
within the camera data span. Thus, to the extent that measurement and 
timing biases, assunied constant over one pass, are adequate e r r o r  
2 
models, the bias differences are determined to at least the accuracy 
of the point-by-point accuracies quoted above for the reference 
systems. 
3. TESTS PERFORMED 
During this investigation, one intercomparison of cameras and a series of 
five intercomparisons of laser systems were performed to determine whethtlL these 
reference systems were consistent to within their estimated accuracies of 1 to 2 sec- 
onds and 1 to 2 meters, respectively. 
Other systems were compared against collocated reference laser systems 
and/or cameras in the following tests: 
1. GRARR at Hosman, North Carolina. 
2 .  Two C-band radars, SECOR, and TRANET, at Wallops Station, 
Virginia. 
3. GRARR and C-band at Carnarvon, Australia. 
4. MINITRACK at all sites. 
3.1 CAMERA INTERCOMPARISON TEST 
An intercomparison of some of the different camera types was conducted 
at Jupiter, Florida, where NASAIGSFC MOTS-40, MOTS-24, and PTH-100 cameras 
were located within 30 meters of each other and operated simultaneously with the SA0 
Baker-Nunn and E;-50 cameras and with an A i r  Force PC-1000 and a NASA-1,angley 
BC-4 (300-mm focal length) camera during the period November 1965 to May 1965. 
GEOS-1 was tracked. Details are giveii i n  reference 2. 
3.1.1 Combined Data Orbits 
The flashing lights on the GEOS-1 and. -2 satellites were progiammed tu 
flash i n  sequences of seven flashes. The first flash fell on the even minute and subse- 
quent flashes were spaced at 4.0-sec intervals for a total duration of 24-sec. 
For each seven-flash sequence, observed simultaneously by two o r  more 
of the Jupiter cameras, an initial set of orbital elements was differeritially corrected 
to obtain a least-squares fit over the 24-sec span of data to all the observations by 
these cameras. For each participating camera,  an rms  of the seven right ascension 
residmls and an r m s  of the seven declination residuals were calculated for each 
3 
sequence. The mean rms . :;verager! o w  I' the inclicnkl nuniber of sequences, is given 
on :!IS left side of 'Y:d)le I i ~ r  each c:inicra. 
These resulcs tend to  vei*if\ the 1 to 2 seconds accuracy estimate for the 
SASA MOTS-40 and PTII-;OO reference c:ui?erns, since data from these cameras are 
cons istent with data reduced from different cameix systems kv independent organi- 
zations. 
The lzrger r m s  values for the iIOTS-2-1 and the BC-4 cameras a re  proba- 
bly due to both thc morter focal length and thr. si1i:iller aperturi. of these cameras. 
The shorter foca! length ninkes the ol~servations more sensitive to measuring e r ro r s ,  
and the smaller aperture malws the ii:ishing light :ind stellar ininges less distinct and 
more difficult to centt>r oil the mexsuring system crosshairs. Also,  some of the BC-4 
right ascension observLitiails tilay have heen affected by timing problems (reference 2) .  
3.1.8 Bias Relative to  the 3IOTS-40 
To deterniltie whether there were any consistent angular biases, orbits 
computed with o!)s(ArvatioliE from hlO?'S-.l(J a n d  with observations from at least one 
ot ~ ' 1 -  camera were selected for  further analysis. For each 24-sec orbit from MOTS-40 
cat'r the means o f  the seven right ascension residuals and of the seven dec1in:ition 
residuals for the JIOTS-.l!, ~ V ' C I Y  subtracted from those for the other participating 
c;*meras. 
angular  hiases for the con>pat*iso;i carrier:is relative to the MOTS-41). These dlfferences 
in means arc  averaged over the indicated number o f  sequences and the average (El) is 
given on the right side of Tahle 1 for e ; ~ ~ [ i  camera, along with the r m s  fluctuation (a) 
of each set of differences ahout its average value (U). The total r m s  ( d n )  is 
also given. 
average of the mcw ditlerences ( U )  is gcnernlly less than 1" and the rins tluctuatior 
(u) of these mean differences about their average is generally less  than 2". 
The resulting d i fkr tnces  in th, means arc! a close approximation to the 
These results shl)port the accuracy estimates for the cameras, since the 
3 . 2  
Five tests were ivrfornied (luring thc two years October 1968 through 
October 1970. Three of the test-; nere :it the C;othlartl Optical Research Facility (GORF) 
between the prototype Gocldurti laser systerii (LODLAS) and the transportable Goddard 
laser sl-stem (AIORLAS, MOI3LA-2, or XIdL%LA-3). The other two tests were at the 
Smithsonian Astrol)hysi?al Observatory (S:lO) site at iklt. Hopkins, Arizona, between 
the S A 0  laser systcni (IIOPLIIS) m t l  the h I 0 1 3 I ~ l S  (called IIOMLAS o r  HOhlLA-2 in 
these tests). Details 011 :t11 tive tests are  #.,en in reference 3 .  
In each test the range, azimuth, and elevation (RAE1 
were used to form a reference orbit on each pass by adJusting a , .  orbital 
elements by least squares. The adjustment results in a zero me,rri for the residuals 
in  range and azimuth. The mean of the residuals in elevation was UEILI;;  7 different 
from zero by a few seconds, owing to correlation with the ranges, which were more 
heavily weighted, The residuals appear random, with no systematic effects remaining 
except the nonzero mean of the residuals in elevation. Therefore the r m s  of the resi- 
duals in range and azimuth may be interpreted as noise. 
61 P- c MOBLAS 
utial sei 
The residuals obtamed from the MOBLAS orbit for the other laser systems 
were then used to determine a measurement bias (B) and a time bias (T) for each pass, 
a s  was descr:. ?d earlier.  After fitting this e r r o r  model to the residuals, 'he remain- 
ders  (Ei) Yppear random with zero mean and may therefore be interpreted a s  the noise 
in the observations from the coraparison laser  systems. 
The results of all five tests a r e  shown in Table 2 and Figure 1. 
3 . 2 . i  GOSF-1 Test 
GODLZS was compared with MOBLAS at the Goddard Optical Research 
Facility in  the October through November 1968 period. The assembly of MOBLAS had 
been completed just before this experiment, and this test includes same of the f i rs t  
passes taken by MOBLAS. Five passes were observed simultaneously in this test. 
The initial analysis of the GORF-1 data indicated that GODLAS and 
MOBLAS had an average r m s  c r r o r  in range of 1.86 and 1.23 meters,  respectively, 
after a reference orbit had been fitted to the ranges from MOBLAS on each pass and 
GODLAS range and time biases had been solved for on each pass. The average bias 
in range of GODLAS with respect to MOBLAS was 4.1 meters for the five passes, and 
the r m s  fluctuation of the five biases about this averags was iO.6 meter. 
The GSFC Optical Systems Branch analyzed the calibration technique used 
with MOBLAS during this test. They established that MOBLAS was calibrated at a 
signal level that was two orders of magnitude larger than the level expected for the 
returned signal. It was later determined that MOBLAS reads short by 4.6  meters 
under these conditions. 
If the MOBLAS data are corrected by addlng 4.6 meters to each ra ige  
measuremeiI' the bias of GODLAS (with respect to the orbit computed from MOBLAS 
5 
c l : i t : t  :is slirxvn in thca second liiie ( ~ f  'I'atJlC 2 )  is reduced from 4. 1 * 0 .  (5 meters to -0.5 
! 0. (i nicters. Thenoise ~.eniains the s i m e .  
In all tests conducted after the GOHE'--1 test, MOBLAS was  calibrated for 
the level eslwcted lrom the returned siglial. 
: 3 . 2 . 2  AH LA c 0 'Yes t
The Arizona Laser Collocation (ARLACO) test was conducted from October 
1'369 through Januarj. 1970. 
( l l ( . > P l ~ l S ~  at the AIt. Hopkins c h e r v a t o r y  in Arizona, Halfway through the test, 
AlOL3LllS was moved 10 meters to the west, th;is brealung the experiment into two 
tc.sts, AllLACO-1 and ARLACO-2. 
illOBLAS was collocated with the S A 0  laser system 
An analysis of the data from the first two pasees revealed a range bias of 
5.5 meters and a time bias of 100 msec for HOPLAS with respect to the orbit comnuted 
from ATOBLAS data. Of the 5.5 meters,  4 . 8  meters were traced to a change in the 
internal delay in the HOPLAS system since the last calibration. The 100 msec time 
bias was due to an intentional offset in the times ot HOPLAS observations to avoid in- 
ter:'ercnce with observations by MOBLAS, but the offset was oyerlooke? ir i n r  
processing. After these discrepancies were currected, the i n t e r c o m p a r k  
continued. 
. 
For the 14 passes observed during the October-November 1969 period, 
the HOPLAS ranges had an average noise of 1.34 meters. The MOBLA3 ranges had an 
average noise of 1.06 meters. The average bias of the HOPWS ranges with respect 
to the orbit from the MOBLAS data was - 1 . 6  i 1 .5  meters. 
During the second phase of ARLACO, December 1969 through January 
1970, data were taken on 11 passes. The noises for HOPLAS and MOBLAS were 1.09 
and 1.00 meters, respectively, and the average bias of the HOPLAS ranges with re- 
spcct to the orbit computed from MOBLAS was 1 . 3  f 1 . 7  meters. 
3 . 2 . 3  GORF-2 Test 
The GORF-2 test took place between March 1970 and May 1970. At  that 
time MOBLAS was  the same as  it was during the CAL-WO experiment. 1W.a were 
takon on 21 passes. GODLAS and MOBLAS had an average noise level of 1.00 and 1.06 
meters, respectively, and an average bias of -1 .2  i I 3 meters for the GODLAS ranges 
with respect to the orbit computed from the MOBLAS ddta. 
6 
3 . 2 . 4  GORF-3 Test 
Retween the GORF-2 and GORF-3 tes ts ,  both the MOBLAS and GODLAS 
systems were mddified to iworporate a more sophisticated pulse detection scb.eme. 
Pulse height was measurt and the pulse threshold detection level was set at one-hali 
the measured pulse height. In addilion, a quarititative measure of the IllOBLAS 
pulse height was made, recorded, and was used in a software correction of the range 
measurements on the MOBLAS. This feature w a s  present in the GODLAS during 
earlier tests. 
The results of the GORF-3 tests, although not applicable to the earlier 
laser intercomparisons with GRARR, C-Band, SECOR, and TRANET, show significant 
j*eductions in the laser system noise and relstjve range bias, with all parameters at 
the submeter level. 
3 . 2 . 5  Summary of Laser Results 
The tests support the estimate of 1 to 2 meter single pass accuracy ior the 
Goddard reference laser systems. The average of the biases derived on each pass for 
the GODLAS ranges with respect to the orbit computed from MOBLAS iata lies between 
-1 .2  5 1.3  and 0 .9  f 0.3 meters for the three GORF tests. The average of the biases 
for the SA0 HOPLAS with respxt to the orbit computed from MOBLAS data lies between 
-1.6 f 1.5 and 1.3 f 1 . 7  meters for the two ARLACO tests. 
3.3 INTERCOMPARISONS OF OTHER SYSTEMS WITH THE LASER ANI3 
CANER4 
Besides the tests described above, three other comparisonc bedween a laser 
system and other systems were conducted during this investigation. These were the 
Iiosman Laser Collocation (ROLACO) test to compare GRARR on GEOS-1 (reference 4), 
the Wallops Island Collocation Experiment (WICE) to compare the FPQ-6 and :'PS-16 
C-band radars,  a SECOR system, and a IRANET system on GEOS-2 (references 5 and 
6 )  and the Carnazvon Laser Collocation (CALACO) experiment to compare anothe- 
GRARR and FPQ-6 radar on GEOS-2 (reference 7). The Gcddard Laser System 
(GODI.AS) was used as the reference laser for the ROLACO and WICE tests, and 
M3BL.W (called CRMLAS at Carnarvon) was used Tor the CALACO test. 
The dara were analyzed in these tests as in the laser/laser tests (section 
3.2). The residuals in range, azimcth, and elevation ( M E )  from lase; syderns were 
minimized in the least-squares sense by adjusting a set of orbital elements for each 
7 
pass to form a reference ( W E )  orbit. The mean and rms of the comparison system 
residuals about the RAE orbit were computed for each type of observation and for each 
pass.  In the tables given here,  the average mean and the average rms over the number 
of passes indicated a r e  given. These a re  designated. as "mean before" and " rms  
before," since they a r e  determined from residuals before fitting an e r ror  moael. In 
addition, the rms fluctuation cf the means for each pass about the average mean for 
all passes and of the rms's for each pass abost the average rms  is given in the same 
columns. 
On each pass, the residuals for the comparison systenis were used to de- 
termine a measurement bias (B) and a station time bias (T) relative to the laser system. 
The term "station time bias" is used to indicate that each type of observation from a 
given comparison system contributes to the determination of the time bias 2f that 
system. In these tables, only the average B and T over the indicated number 3: passee 
is given, along with the rms fluctuation of the single pass B and T about the given 
average. Since T is usually small, the average bias B is almost the same as the mean 
before fitting the e r ror  model. The mean after fitting the e r r o r  model is not given in 
the tables, since it is always zero. The column headed " rms  after" is the r m s  of the 
average residual after fitting the er ror  model, along with the rms  fluctuation, in the 
rms's for eact pass, about the average rms. These numbers represent the noise in 
the observations by the comparison system. 
The RAE reference orbits closely f i t  the observations from the laser 
system within the laser data span and therefore produce reference ranges and angles 
for nearby systems with essentially the same accuracy or bias as the laser system 
dab. From the previous (laser/laser) tests the range biases for the laser system are 
below 2 meters with respect to other laser systems. As will be shown later, in tests 
involving camera observations, the biases in the laser system angles with respect to 
camera observations are  below 30". Error analyses indicate the range rate accuracies 
from the laser system RAE c rbits a r e  within 0.5 to 2.0 cm/ sec . 
To evaluate the observed angle. observations from a collocated camera a re  
used instead of the laser system azimuth and elevation observations in forming ref- 
erence orbits when camera data are available. These orbits a re  designated range, 
right ascension, and declination (RRD) orbits. The RRD orbits fit the laser system 
range and camera system angle observations closely and therefore produce reference 
ranges and range rates, for nearly collocated systems, with essentially the same 
accuracy as the RAE orbits and produce improved angles with the 1'' to 2" accuracy of 
the camera data. 
a 
3.3.1 ROLACO Test 
The results of the July through December 1966 GEOS-1 ROLACO test of the 
Rosman GRARR versus GODLAS are  summarized in the statistics in Table 3 and in the 
plot of the derived GRARR relative range biases against date in Figure 2. After an 
orbit was fitted to the data from the laser system, the remaining rms  noise was 1.8 
meters for the laser.  
An earlier evaluation of the Rosman GRARR by means of GEOS-1 short-arc 
reference orbits generated with data taken the first week of January 1956 from four 
eastern U. S. SECOR stations had indicated this GRARR had a range bias of -20.5 f 4.9 
meters (reference 8). Investigations into the cause of this bias led to the discwery 
of several small e r r o r s  in the GRARR calibration and preprocessing procedures which 
accounted for -9.7 meters of the GRARR range bias (reference 9). leaving a net bias 
of -10.8 f 4.9 meters for the Rosman GRARR at that time. 
For the ROLACO test the GRARR calibration and preprocessing procedures 
were changed to add the above corrections, resulting in an average single-pass bias in 
the GRARR range data relative to the laser orbit of -5.3 meters with an r m s  fluctua- 
tion of 12.4 meters about this average value for the 10 bias values obtained. The 
average GRARR time bias relative to the laser  was -2.1 f 1.2 msec. All  10 passes 
were on GRARR channel A. More details are given in reference 4. 
In an  independent comparison of the Rosman GRARR observations with 
accurate orbits obtained from camera observations, Lerch, Marsh, and 0' Neil1 
(reference 10) reported average range and time biases on channel A of -10.0 f 8.8 
meters and -2.4 f 2.4 msec on 12 passes relative to a 5-day orbit during the first week 
of January 1966, and -5.6 f 11.6 meters and -1.9 f 5.1 msec on 14 passes relative to 
another 5-day orbit a week later. These results included the -9.7 meter bias correc- 
tion mentioned above. The -10.0 meter GRARR channel A bias obtained here is in 
remarkable agreement with the -10.8 meter GRARR channel A bias obtained with re- 
spect to the SECOR orbits during the same first  week in January 1966. The long arc 
GRARR results obtained for the second week of January 1966 are consistent with the 
ROLACO lest results for data taken 6 to 12 months later. 
Lerch, e t  a1 also reported average biases on channel C of 18.1 meters and 
-1.4 msec on 3 passes during the first 5-day orbit. 
3.3.2 WICE Test 
The WICE statistics for the two C-band radars, the SECOR, TRANET, and 
laser systems and the camera systems a r e  summarized in Tables 4 and 5. Table 4 
gives the results for all the available passes, using GODLAS data to generate RAE 
reference orbits. Table 5 gives the results for those passes which had collocated data 
from the PTH-100 camera to combine with the laser system data to generate RRD re- 
ference orbits. Both the RAE and the RHD orbits pmvide reference ranges with 
essentially the accuracx of the laser system data. The accuracy of the angles from the 
RAE orbit is determined by the accuracy of the laser system angles (about 30"). where- 
as the accuracy of the reference angles from the RRD orbit is determined by the camera 
angles (1" to 2"). 
In Figures 3, 4 ,  5 ,  and 6 the pass-to-pass variations in the derived biases 
in  range, range rate, azimuth, and elevation are shown for the participating systems. 
(More details may be found in references 5 and 6) .  
Examination of the tables and figures reveals the characteristics of the 
participating systems as outlined below. 
3.3.2.1 Rms and Bias in Range 
The rms  noise in data from GODLAS was reduced in this test from the 
earlier ROLACO value of 1.8 meters to 1.2 meters. After error modeling, the rms 
noise in the C-Band radar and SECOR ranges is also less than 2 meters. The FPQ-6 
data are the smoothest, averaging 1.0 meter over the 34 RAE orbits and 0.8 meter 
over the 21 RRD orbits. 
In the 34 simultaneous trackings by laser systems and by the FPQ-6 on 
beacon, there were 10 passes in which the radar tracked both beacon and satellite 
surface on the same pass; i.e., the beacon was tracked on the first third of the pass, 
the surface on the middle third of the pass, and the beacon again on the last third of 
the pass. For these passes the bandwidth of the FPQ-6 receiver was optimized to 
receive a 1.0-psec-wide pulse rather than the 0.6-~sec-wide pulse used in tracking 
beacons. The pulse width mismatch resulted in the ranges from the beacon tracking 
being short by approximately 30 meters, and these ranges were corrected 1--- adding 
30 meters. If these 10 passes are ignored, the remaining 24 passes (beacon only) 
(shown in Figure 2) yield essentially the same results as all 34 passes, except the 
average bias in range is changed from - 1 . 6  * 2 . 6  to -2.0 f 2.7 meters, as shown in 
Table 4. 
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In the 27 sets of data from FPS-16 on a beacon the average of the range 
biases is 5 . 7  f 4.1 meters, resulting in a net difference between the biases of 7.3 
meters in the two radars. 
&ne radar calibration techniques used in WICE were analyzed by the Wallow 
Station personnel. The results of the analysis and tests verifying the analysis indicated 
that the FPQ-6 and FPS-16, were miscalibrated and their range data should be cor- 
rected by algebraically adding -0.6 meter to the FPQ-6 and -7.9 meters to the FPS-16 
measurements. If this correction is made, the range bias on the FPQ-6 of -1.6 f 2.6 
meters shifts to -2.2 f 2.6 meters, as shown in Table 4 .  The average FPQ-6 range 
noiseof1.0*0.3metersaldtimebiasof0.3~0.3msecremainunchanged. Jfthe 
FPS-16 data are corrected for the -7.9 meter calibration error, the average range 
bias changes from 5.7 = 4.1 to -2.2 * 4.1 meters. The two collocated C-band beacon 
track average range biases then agree with each other to better than 0.1 meter. The 
results in Tables 4 and 5 were obtained before the post-test calibration analysis and 
hence do not iwlude these corrections except where indicated. 
FPQ-6 skin track data were successfully taken on 8 of the 10 passes where 
skin traclung was attempted. No FPS-16 skin track' #ere attempted. The average 
range rms noise and average range bias for the skitr ,rack portion of tbe 8 FPQ-6 
passes w e r e  9.6* 2.0 meters and -5.2* 2.7 meters, respectively. The corresponding 
averages for the beacon trs-1: poition of the same 8 passes were 1.1 * 0.4 meters for 
range noise and -1.8 f 2.2 nr:ters for mnge bias. Thus, the FFQ-6 skin track range 
bias is 3.4 meters more negative than the FPQ-6 beacon track range bias on the 8 
common passes. 
There were 16 passes that were common to the 24 FPQ-6 and 27 FPS-16 
beacon-only passes. This breakdown is not shown i n  Table 4 ,  however, if the derived 
biases for the two radars a r e  differenced on each of the 16 common passes, the average 
range bias difference of the FPS-16 relative to the FPQ-6 is 6.3  f 5.6 meters. If the 
calibration analysis corrections of -0.6 and -7.9 meters are applied, this average 
range bias differeoce is reduced to - 1 . 0 ~  5.6 meters. 
Note that the pass-to-pass variation in range bias in the radars (Table 4) 
was f2 .6 meters for the 34 FFQ-6 biases and f4.1 meters for the 27 FPS-16 biases 
when taken relative to the laser system. The pass-to-pass variation in range bias 
increased to t5 .6 meters when the FPS-16 biases were taken relative to the FPQ-6 
biases, indicati.ag the uncorrelated nature of the range bias in the two radar systems. 
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The correlation coefficient between the FPQ-6 and FPS-16 range bias values for the 
common 16 passes is -0.22, indicating the pass-to-pass variations in bias are proba- 
bly not due to the laser system. 
The difference i n  FPQ-6 average range bias obtained with all 20 beacon-1 
(0.750 rnicrosec delay) tracks relative to that obtained with all 14 beacon-2 (4.935 
microsec delay) t r acks  is -1.6 meters (see Table 4). A similar comparison with the 
FPS-16 for 14 beacon-1 and 13 beacon-2 trzcks leads to a value of i2.6 meters. Thus, 
if a consistent range bias exists between beacon-1 and beacon-2 tracks for both Ladars, 
it is obscured by the pass-to-pass flwtuations in range bias for the two radars. 
The average range bias of -1 7.5 4.0 meters in SECOR appears realistic 
to within the estimated laser system accuracy of 1 to 2 meters, especially s h e  the 
analysis  of the radar calibration discovered the -7.9 meter error on the FPS-16 and 
reduced its bias relative to the laser system from 5.7 to -2.2 meters. An analysis 
of the SECOR calibration and preprocessing procedures by the Army Map Service led 
to the correction of several minor preprocessing e r rors ,  which changed the derived 
biases by 1 or 2 meters in earlier submissions of these data. However, the analysis 
failed to account for the large bias shown in Table 4 for the latest submission. The 
Asnporal variation in the biases shown in Figure 3 suggests that the delay character- 
istics of the satellite transponder may have been changing slowly with time. A linear 
extrapolation of the SECOR range bias values in Figure 3 intersects the zero bias about 
one month before the launch of GEOs-2 on 11 January 1968, when presumably the last 
calibration of the transponder could have been made. 
3.3.2.2 Range RateRms and Bias 
The FFQ-6 radar obtained range rate skin track observations on four of the 
laser passes. These data were relatively noisy because of the low signal levels in- 
volved in skin tracking GEOS-2. However, the average range rate bias of +2.4 cm/sec 
is not unreasonable, considering the laser orbit estimated accuracy of *0.5 to*2.0 
cm/sec in range rate. 
The WICE TRANET station could track on the two lower GEOS-2 Doppler 
beacon frequencies (162 and 324-MHz, designated by TRAN-59) or on the higher pair 
(324 and 9?2-MHz, designated by TRAN-35). In order to conserve spacecraft power, 
the 972-MHz beacon was turned off part way through these tests, so fewer passes were 
obtained by TRAN-35. 
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The initial analysis of the TRANET data yielded range rate positive biases 
of 21.2 f 7.7 and 18.4 f 5.5 cm/'sec for TUN-59 and TRAN-35, respectively. An 
analysis of the Naval Weapons Laboratory (NWL) editing and preprocessing procedures 
indicated that at least some of this bias was due to the NWL practice of omitting the 
satellite-to-station transit time correction and the tropospheric refraction correction 
prior to solving for a per-pass bias, which was then provided with the observations on 
each pass. This per-pass bias absorbs the bias component of the e r r o r  due to ne- 
glecting the two corrections. When the user applies the provided per-pass bias as well 
as the two omitted corrections, he overcorrects for the neglected corrections by the 
amount of the bias component absorbed in the per-pass bias provided by NWL. Since 
the transit time correction is always a negative time correction, which adjusts the 
observation times back to when the signals left the satellite, the net result is always a 
positive range rate bias. 
Agreen and Marsh (reference 11) compared observations from 5 TRANET 
stations against 13 optical 2-day reference orbits generated from worldwide camera 
data. l h e y  reported a positive average range rate bias for all 5 participating TRANET 
stations of 8.2 to 10.2 cm/sec  f 2.4 to 3.4 cm/sec relative to the optical orbits. It 
has not yet been explained why the TRANET positive range rate biases found in this 
analysis were only about half the magnitude of those found in the WICE test. 
A s  a result of the WICE analysis, NWL again preprocessed the early WICE 
THANET data. This time the two corrections mentionel were made before solving for 
the per-pass bias. These final results a re  also given in Table 4, where it can be seen 
that the biases with respect to the W.E orbits are now reduced to 1.4 f 3.5 cm/sec 
for TUN-59 and -3.2 f 7.5 cm/sec €or TWN-35. The results with the fewer RRD 
orbits are  slightly better. 
The TRANET biases for a single pass are plotted against time in Figure 4 
where the wider  fluctuations in derived biases at the beginning of the test may reflect 
a learning period for the operators. 
3.3.2.3 Angle Rms and Bias 
The biases in azimuth and elevation from pass to pass, relative to the RRD 
orbits, (Table 5 and Figures 5 and 6) indicate that the angle biases of the laser system 
are substantially less  than the angle biases of the radar. However, the rms  values 
indicate the radar point-to-point angle data a re  smoother than the laser system data. 
13 
In the angle residuals statistics, the camera right ascension residuals a r e  
multiplied by cosine declination and the laser and radar azimuth residuals are multiplied 
by cosine elevation in order to compare these residuals on the same sky angle scale as 
the declination and elevation residuals. The sky angle scale is also more useful for 
interpreting the results as radar boresight e r ror  o r  for relating the angle observation 
e r rors  to target position errors.  
The average ang!e biases in the laser system and the radars derived from 
the RRD orbits differ from those derived from the RAE orbits by less than 6 seconds. 
The average angle ms's derived from the RRD orbits differ from those from the RAE 
orbits by less than 10 seconds. Thus, the RAE orbits based on data from the laser 
system appear adequate for determining average angle biases and rms's to 10 seconds 
o r  better in tests such as  WICE. 
The average azimuth and elevation biases in the laser system data changed 
respectively from 0 f 0 seconds and -6 f 13 seconds for the RAE orbits to 5 f 21 sec- 
onds and 0 * 15 seconds for the RRD orbits, indicating that the RAE orbits a r e  adequate 
for determining pass-to-pass angle biases to about 22 seconds or better (in the 1-sigma 
Liense) in sucn tests. 
3.3 .2 .4  Station Time Bias 
The FPQ-6 and FPS-16 beacon track derived average station time biases 
a re  both 0 . 3  * 0 .3  msec relative to the laser, indicating the laser might have a -0 .3  
msec timing error .  However, the FPQ-6 derived time bias of 0.1 f 0.7 msec on 8 
range data skin tracks, and the SECOR derived time bias of -0.6 f 0.5 msec are not 
consistent with this interpretation. 
The larger derived Tranet time biases evident on the RRD range rate 
evaluations a re  due to the high correlation between the derived range rate and time 
biases, and to relaxing the a-priori constraint on time bias from 0.2 msec on the RAE 
orbits to 2.0 msec on the RRD orbits. 
3.3 .3  CALACO Test 
The CALACO test results for the collocated GRARR, FPQ-6 C-band radar, 
MOBLAS laser, and PTH-100 camera a re  summarized in Tables 6 and 7 and Figures 
7 through 11. The statistics derived from the laser RAE orbits are given in Table 6 
and those from the RRD orbits in Table 7. The temporal variation in the derived C- 
band range and timing biases and in the GRARR range, range rate, and timing biases 
are given in Figures 7, 8, 9, 10, and 11. respectively. 
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After sending the preprocessed C-band observations, the radar coordinator 
at Wallops Station advised us of a hardware problem that caused a time e r r o r  of an 
unknown integral multiple of 10 msec. This e r r o r  w a s  constant within a pass but varied 
from pass to pass. It had not been feasible to determine the unknown integers by com- 
parison with the worldwide long-arc orbits. However, comparison of the radar obser- 
vations with the laser system observations enabled us to determine these integers and 
to correct the radar observation times by the proper multiple of 10 msec before the 
normal intercomparison procedure. 
3 . 3 . 3 . 1  Range Rms and Bias 
The MOBLAS range average rms  noise rematling after fitting the orbits is 
1.3.  f 0 .2  meters, which is similar to the r m s  noise of 1.2 meters observed in the 
prior GURF-1 test. 
The FPQ-6 C-band range rms  noise, after removing a measurement and 
timing bias, is 1.1 * 0.4 meters, s i rd la r  to the previous results for the two C-band 
radars a t  Wallops. 
The Carnarvon GRARR range rms  noise of 3 . 0 *  0 .2  meters on GEOS-2 is 
smoother than the 6.8 f 2 . 1  meter value obtained for the Rosman GRARH on GEOS-1. 
The difference could be r’ue to the setup of ground systems, the different transponders, 
o r  the greater height of GEOS-1. 
An average range bias of -15. C f 6 . 5  meters was initially found for the 
FPQ-6 relative to the laser system. In attempting to explain this large bias, it was 
determined that the radar range calibrations were performed on . distant range target 
without correction for the delay introduced by the atmosphere. By using values of 
atmospheric pressure, temperature, and humidity collected for  the laser system and 
camera passes, the actual delay through the atmosphere to the range calibration target 
was calculated to be 20.0 i 0 . 7  meters larger than the assumed value. Thus the radar 
calibration preprocessing for this station produced ranges that were too short by 2 0 . 0  
f 0 . 7  meters on each pass. A post-test calibration correction for this refraction bias 
was computed for each pass and applied to the range bias previously derived for that 
pass. As can be seen in Table 6 , this step improved the average range bias from 
-15.0 f 6.5 meters to 5.0 f 6.7 meters. Users of these radar data should make 
certain that this refraction bias correction is applied. 
Correction by the user of the remaining radar average range bias of 5.0 
meters relative to the laser system reduces the pass-to-pass total rms  error of that 
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radar at that tinic from s 8.4  to * 6 . 7  meters. This assumes the followiiig definition 
of total rn i s  e r ror :  
totai r1ns error = d z z -  
where a is the pass-to-pass bias Buctuation aboslt €3 (o= k6.7 meters i n  this case) and 
I3 is the average range bias (I3 = 5.0 meters in this case). 
When the FPQ-6 average range biases for the two C-band beacons a r e  com- 
pared, the beacon-1 bias minus the beacon4 bias is -1.7 meters before the above re- 
fraction correction is made and -1.5 meters after it is made. This difference is 
similar in  magnitude and consistent in sign with the -1.6 meter difference obtained 
between beacon-1 and beacon-2 for the Wallops FPQ-6 but i s  not consistent with the 
+2.G meter difference obtained with the Wallops FPS-16. 
Similarly, a 3 . 2  ' 7 -  -+fir difference in  average range bias was noted between 
channels A and C of GEWRR. This range bias dif 
level i n  a statistical test on the probability of a chance occurrence of such a difference. 
Application of the derived range bias corrections of -1.7 meters for channel A and 
-4 .9  meters for channel C reduces the total rms  range e r r o r  from k4.0 to rt3.6 meters 
for channel A and from 18.9  to 17.4 meters for channel C. 
rence was significant a t  the 1% 
\ 
3 . 3 . 3 . 2  Range Rate Rms and Bias 
The Carnarvon GRARR range rate rms noise of 1.4 * 0.7 cin/sec is 
smoother than the values obtained during the WICE test for the C-band skin track data 
o r  for the TRANET Doppler data. 
The GFtARR average range rate bias, without regard to channel, of 0.5 
f 2.4 cm/sec, and the valsies for the individual channels are all smaller than the values 
for  the WICE range rate systems and a r e  within the estimated accuracy of the orbits 
based on laser system data. Correction for the derived range rate biases for GRARR 
in this test o r  for the FPQ-6 or  TIUNET (after the preprocessing correction noted) in 
the WICE test is not justified, since this does not improve the accuracy of the pass-to- 
pass range rate data significantly, owing to the variability in the derived pass-to-pass 
biases. 
3 . 3 . 3 . 3  Angle Rms ana Bias 
Results for the 14 C A U C O  passes, with camera angle data added to the 
laser data to form RHD reference orbits, a re  given i n  Table 7. The zero means and 
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small rms ' s  for the obseivation residuals in the laser  ranges and camera angles indi- 
cate that the RRD orbits have adjusted closely to these observations (R). Then the RRD 
orbits produce observations (C) having essentially the same bias a s  the observations 
(R) for evaluation of observations (0) from nearly collocated systems. 
For  both the radar and the laser  systems, the angle residual average rms 
in Table 7 lies between 31 seconds and 38 seconds. The average of the angle residual 
mean is within +30 seconds for  both systems and is smaller for the laser system than 
for the radar. 
3.3.3.4 Station Time Bias 
The Carnarvon FPQ-6 radar derived average station time bias of 0.3 to 0.5 
msec relative to MOBLAS is consistent with the 0.3 msec value derived for both radars 
relative to GODLAS i n  WICE. This result might indicate that a systematic error, 
having the appearance of a time bias, exists i n  the laser systems, were it not for  the / 
-0.6 msec value obtained for SECOR i n  WICE and the 0.0 msec value obtained for  thf' 
GRARR in the CALACO test. 
3.3.4 
i 
/i 
i 
I 
i Intercomparisons of Minitrack With Collocated MOTS-40 Cameras 
The Mol S-40 MINITRACK calibration camera at the center of eacy 
MINITRACK site observed GEOS flash sequences within the MINIlRACK bea#. l h e  
24-sec reference orbits from these camera observations were used to dete 
pass bias for the simultaneous MINI1 RACK observations. The results indicated that 
the IMINITRACE; observation per-pass biases relative to the camera orblfs were about 
10 to 20 seconds (reference 12). 
ine a per- 9 
/ 
i 
/, 
i 
A long-arc comparison of MINITRACK observations relavve to a 5-day 
camera orbit indicated an rms  for the MINITRACK per-pass angle $ayes of about 
*40 seconds (reference 13). i 
It was noted in these studies that the MINITRACK biases were smaller 
when the refraction corrections normally introduced in the orbit differential correction 
(DC) program were suppressed, or  when only those observations near the base line 
bisecting plane, which a re  therefore nearly immune to refraction e r r o r ,  were used. 
This effect was traced to an overcorrection for refraction 'in the DC program resulting 
from use of a single-path refraction correction rather than a differential two-path re- 
fraction correction required for an interferometer (references 14, 15, 16, and 17). 
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4 .  SUIZIMARY A N D  COXCLC'SJONS 
In this investigation it h a s  been assumed that for ihe purposes of the NGSP 
the most important indicator of accuracy in the observations is the per-pass measure- 
ment bias (B) and time bias (T)  and the pass-to-pass fluctuations (0) i n  these biases. 
The point-to-point noise withln a pass has little effect on the NGSP results, since these 
solutions a re  determineti by the orbit adjusted to the observations and this orbit smooths 
out the nearly random noise of the data p i n t s  withir, a pass, provided there are enough 
data points. 
If the pass-to-pass fluctuation (a) in the measurement bias (B) is random, 
then this parameter also is averaged out to some extent in the NGSP results, provided 
enough passes a re  used in the solutions. The stable component of the pass-to-pass 
bias has the most damaging effect on the solutions. 
A composite e r r o r  indcator used to help summarize 'he intercomparison 
test results is the total r m s  e r r o r ,  which equalsdB2 +u2 .  This e r ro r  probably best 
estimates the relative accuracy of' the GEOS observation systems for NGSP applications. 
The pass-to-pass biases (B) were determined relative to orbits determined 
from the reference laser systems and cameras. Estimates of the accuracy of the rei- 
erence system observations were supported by a camera/camera collocation test and 
by five laser, laser collocation tes ts .  Other GEOS observation systems were evaluated 
against collocated lasers and cameras in three major tests performed at Rosman, 
North Carolina, at Wallops Island, Virginia, and at Carnarvon, Australia. Summaries 
of the various tests are available in a single document in reference 18. 
4.1 CAMERAS 
The Jupiter camera intercomparison test results support the 1 to 2 sec- 
onds accuracy per seven-flash sequence for most of the cameras tested, since for all 
but the shorter focal length and smaller aperture MOTS-24 and BC-4 (300 mmj cameras, 
the mean rms 's  with respect to the combined data orbits were within 2 seconds (Ta- 
bla l). 
A few NASA sites had MOTS-24 cameras originally, but these were all 
replaced by MOTS-40 cameras prior to GEOS-1. 
The C&GS world geometrlc su rvey  project at first used the 300-mm-focal- 
length BC-4 cameras, but later converted to the 450-mm-focal-length version, there- 
by improving the BC-4 plate scale by 50';. Also, the C&GS 0bserratinr.s were shutter 
chops of the relatively bright continuous trails of the ECHO and PAGEOS balloons 
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rather than of the GEOS flashes, thereby increasing the number of observations avail- 
able for averaging and improving the detectability and measurability of the images on 
the photographic plate. 
4.2 LASER SYSTEMS 
The results support the 1 to 2 meter accuracy estimate for the lasers over 
one pass, since, except for the initial few passes with the new systems in the GORF-1 
and ARLACO-1 tests the total rms  er ror  of the comparison systems with respect to the 
reference systems was within 2.2 meters (Table 8). 
Aiter the calibration e r ror  on the first few passes for MOBLAS was cor- 
rected, the total rms  e r r o r  for the GODLAS ranges with respect to an orbit computed 
from MOBLAS data was only 0.8 meter for GORF-1. The total rms  e r r o r  for GODLAS 
with respect to MOBLAS for GORF-2 and GORF-3 was respectively 1.8 meters and 
0.9 meter. 
4.3 ACCURACIES OF RANGING SYSTEMS 
Unsuspected systematic e r rors  were discovered in the observations from 
most of the systems. The identified systematic errors were usually traced to the cal- 
ibration or preprocessing procedures rather than faults in the systems. 
Table 8 summarizes the average and standard deviation of the range biases 
for each test  derived for the comparison systems with respect to the reference sys- 
tems. 
The total rms  e r r o r ,  before applying corrections discovered as a result 
of the tests,  represents typical system accuracy for a pass under normal operating 
conditions, for which, however, an extra effort was made to remove known errors 
from the calibration and preprocessing procedures. 
The probable sources of the identified biases and their measured correc- 
tions a re  also given in Table 8 ,  along with the improved average range biases and 
total rm; errors after these crrreetions had been applied. These improved total rms 
er rors  represent potential system accuracieo for one pass only if the effort is expended 
to detect uld correcb the small calibration and preprocessing e r rors ,  such a8 those 
discovered in these tests. 
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The normal e r ro r  estimates are probably best for relative data weighting 
for the NGSP solutions. The potential e r ro r  estimates are useful for simulations in- 
vestigating what is possible with these systems if the extra effort is made. 
4.4 ACCURACIES OF RANGE RATE SYSTEMS 
The range rate observations by GR-4PR and i 
unbiased to within the ability of these tests to detect a b 
-9-a radar a re  probably 
The TRANET data originally submitted for \I s well  as ,11 other 
TRANET data in the Geodetic Satellite Data Service (GSDS), are affected by per-pass 
negative Doppler frequency biases, equiva!ent to the positive range rate biases re- 
sulting from the NWL preprocessing procedures. 
These biases could be removed by reprocessing all the TRANET data and 
applying the corrections to transit time and tropospheric refraction before solving for 
the per-pass base frequency bias provided by NWL. This was  done for the WICE 
TRANET observations on all 26 passes, and the range rate average bias (B f o j  and 
the total r m s  error dBm) w e r e  reduced from 21.6 f 7.7 cin/sec and 22.6 cm/sec 
to 1.4 * 3.5 cm/sec and 3 . 8  cm/sec respectively, for TRAN-59 relative to the laser. 
Similarly, for TRAN-35, the total rms  e r ro r  was reduced from 19.2 cm/sec to 8.2 
cm/sec. 
Alternatively, the user could improve his use of the TRANET ob.ser+7.-.bloi s 
by recognizing the existence of an a priori pos-tive range rate bias and soking fc-r this 
bias, under an appropriate a priori constraint, along with the or t i t ,  survey, :.id 
gravity field parameters. 
A more exact procedure would be to determine, with the use of a nominal 
orbit, the transit time and tropospheric refraction Doppler frequency ccrrection pro- 
file versus time in each pass. Then the mean positive frequency bias component in 
this profile should be solved for and the result used to remove the positive bias com- 
ponent from the base frequency (FB) provided by NWL. This should removs the net 
negative Doppler frequency bias component, or the net positive range rate bias COLA- 
ponent, from the TRANET observations. 
Range rate (6) was related to the TRANET obsemations by means of the 
following equation : 
k' M 
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where FM is measured frequency provided by PWL, FE is the base frequency provided 
by NWL, and C is the speed of iight (2.9: 725 x .03 m/-.ec). 
4 .5  ACCURACIES OF 4NGLE SYSTEMS 
No obvious angle bias,:s were detected in the Jupiter camera test. The 
camera angles appear to be accurate to 1 to 2 seconds where: 3 the laser angles 
appear accurate to better than 30 seconds and the C-baw; angles appear to be accurate 
in the region of 30 to 70 seconds. 
The MINITRACK angles appear accurate to 10 20 seconds, provided 
the correct ref actio,. . heory is applied. 
4.6  STATION TIME BIASES 
The time Mas in the Rosman GRARR of -2.1 f 1 .2  msec relative to the 
laser  was not supported by the 0 .0  f 1 . 2  msec value found for the Carnarvon GRARR 
relative to the laser.  
The time biases i n  the Wallops FPQ-6 and FPS-16 of 0.3  f u.3 msec re- 
lative to the laser were supported by the 0.4  f 1.1 msec value found for  h e  Carnarvon 
FPQ-6. A s  explained earlier,  probably the C-bands or possibiy the lasers  have a 
systematic e r r o r ,  which behaves like a 0.3/msec time bias for the C-bands or  like 
a -0.3 msec time bias for the lasers .  
4 . 7  GENERAL REMARKS 
The measurement biases discovered in these tests are  recommended for 
correcting the observations only ir. those cases where the probable source of the biab 
has been identified and measured, and onl;? for the specific laser and C-band observa- 
tions affected, as indicated in Table 8. 
All  the TRANET and MINITHACK observations were affected by the b k s e s  
discusser hence all these data should be corrected as indicated. 
The sources of the G R A M  and SECOR range biases on GEOS-3 were not 
identified, BO it is not known whether these values apply only to the specific GRAKP's 
and SECOR's tested at the collocation test times o r  to all GRARR's and SECOR's at all 
times. 
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The camera angle accuracies of 1 and 2 seconds are far more accurate 
than the laser or C-band angle accuracies of 30 to 70 seconds. However, at a satellite 
distance of, say.  1.5 million meters. an angle accuracy of 1 second is equivalent to 
only 7.3 meters in satellite position component normal to the line of sight. 
The laser range accuracies of 1 to 2 meters during GEOS-1 and -2 were  
already better than the range accuracies of the C-band, GRARR, and SECOR electro- 
nic systems o r  the total rms  er rors  of 3 to 18 meters, a s  summarized in Table 8. 
i-nprovements now being made to the lasers indicate an increase i n  accuracy of an 
order of magnitude should soon be achieved. 
Results obtained with Doppler observations appear competitive with those 
obtained with laser observations so far. Improvements to the GRARR/USB S-band 
Doppler systems and the TRANETjGEOCEIVER Doppler systems enabling a readout of 
the Doppler cycle count without destroying the continuity of the count over longer in- 
tervals should increase the accuracy of results obtained with these Doppler observa- 
tions. 
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Figure 1. Summary of 4 Laser/Laser Intercomparison Tests 
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